Evidence is accumulating that there can be chemical as well as mechanical control of collateral circulation. 1 An observation that pulmonary collateral arteries appeared to develop much more rapidly in young puppies than in grown dogs suggested that there might be a hormonal influence upon the expansion of these vessels. 2 In the present experiments the effects of growth hormone and cortisone on the development of collateral vessels were investigated in the lungs of rats after ligature of the left main pulmonary artery.
• Evidence is accumulating that there can be chemical as well as mechanical control of collateral circulation. 1 An observation that pulmonary collateral arteries appeared to develop much more rapidly in young puppies than in grown dogs suggested that there might be a hormonal influence upon the expansion of these vessels. 2 In the present experiments the effects of growth hormone and cortisone on the development of collateral vessels were investigated in the lungs of rats after ligature of the left main pulmonary artery.
Methods
Male rats of the Sprague-Dawley strain were divided into two equal groups, one to be sacrificed at the end of four weeks and the other at the end of eight weeks. Each of these two groups was in turn divided into three equal subgroups: 1) to receive cortisone; 2) to receive growth hormone; 3) to serve as controls. In the design of the experiments it was necessary that all animals weigh nearly the same at the time of sacrifice. From our previous experience 3 it was anticipated that cortisone treated rats would lose weight, that the control animals would gain a moderate amount of weight, and the growth hormone treated rats a maximum pmount of weight. For this reason initially larger animals were used for the cortisone groups and the dietary intake was so regulated that the weight gains for the control and growth hormone groups were approximately the same. When the ad lib fed cortisone treated rats reached the weight of the others, all were fed so that their weights remained comparable to that of the cortisone treated animals during the rest of the experiment.
In preparation for thoracotomy the animals were anesthetized in an ether chamber and then transferred to a positive pressure system similar to that previously used by Loring 4 animal's snout was placed into the glass pressure chamber and the seal was made with a rubber cuff around the bony skull in front of the orbits. The head was immobilized by means of a C clamp affixed to the operating board. The thorax was entered through the fourth left intercostal space, the apical portion of the left lung was gently deflected forward and the left main pulmonary artery was ligated with a 5F silk ligature. Avoidance of barbiturates and maintenance of ether anesthesia at a light plane made recovery to a fully conscious state possible within approximately five minutes after completion of the procedure and closure of the thorax. Of the 66 animals undergoing thoracotomy, 58 survived.
On the day following operation, injections were begun as follows: Animals in two subgroups received 5 mg of cortisone acetate (Cortone)* intramuscularly each day for two weeks; thereafter cortisone was given on a schedule of every two to three days in an average dose of 15 mg per week. Two other groups received 0.1 mg of bovine growth hormone intramuscularly every day.t
Each animal was weighed every other day beginning one week postoperatively ( fig. 1 ). The weights of animals in the control and growth hormone subgroups were regulated by varying the amounts of ground meal given daily. Since there was a tendency for some animals in the cortisone subgroup to lag in weight gain, the cortisone dosage was adjusted within the limits indicated above.
Animals from control and experimental groups were sacrificed at four weeks and at eight weeks following ligation of the pulmonary artery. They were first anesthetized with ether, the thorax was opened on the right side by a parasternal incision and 0.5 cc of heparin was injected into the right ventricle. The left hemithorax was not entered. The heart was then amputated, and the aorta, just beyond its origin, was ligated with 5-0 silk. The neck and upper extremities were tied with heavy twine to prevent entrance of the injection mass distally. The abdominal aorta was transected, its cephalic end cannulated and, together with its branches, was washed by successive introduction under 100 mm Hg pressure of water, air, Average body weights of rats in various groups during an eight-week period.
acetone, and air. Seven per cent black vinyl plastic* was introduced into the aorta at a chamber pressure of 250 mm Hg under control of a mercury escape valve. A single batch of this plastic sufficient for the entire experiment had been prepared in advance and care was taken to homogenize it by shaking before use. Following the injection the thorax was stripped of skin and isolated by transecting the spinal column low in the neck and again just below the diaphragm. The thorax was suspended by means of the cannulated trachea in a vacuum jar and the lungs were inflated at minus 10 mm Hg. A cast of the trachea and bronchial tree was obtained by pouring 28% vinylite into the trachea once the lungs had been inflated. 5 Negative pressure was maintained for *VYHH specification # 1 made by Union Carbide and Chemical Corporation, Bakelite Division, 437 MacCorkle Avenue, South Charleston, West Virginia.
Circulation Research, Vol. XVlll, February 1966
24 hours when the specimens were removed from the inflation jars and the plastic allowed to harden for seven days. Digestion was done in concentrated HC1 for 48 hours, after pinning the cast of the aorta to the bronchial tree. After digestion the casts were washed for 24 hours in running water, dried in air and finally defatted with petroleum ether. Every effort was made to standardize each of the procedures and to avoid trauma to the casts.
The extent of the bronchial arterial enlargement was estimated in two ways, by visual ranking and by weighing the casts. For the visual procedure the extent of the collateral circulation was classified as follows: 0: No injection of the bronchial artery. 1: Injection of the trunk of the bronchial artery only.
2: Complete injection of the trunk of the bronchial artery, but with few segmental and no subsegmental branchings.
FIGURE 2
Vinylite cast of trachea and bronchi (white) and of aorta and bronchial arteries (black). The left bronchial artery and its branches are enlarged after ligature of the pulmonary artery, but far less than in other specimens (compare with fig. 3 ).
3: Complete injection of the trunk with filling of many segmental bronchial arteries. 4: As for 3, but with subsegmental bronchial arterial filling. 5: Complete filling of the trunk with injection of many segmental and subsegmental arteries and penetration of precapillary bronchopulmonary arterial anastomoses.
The casts which had been arranged randomly to insure objectivity in the analysis were grouped by each of three observers according to the classification just described and then finally arrayed in order from greatest to least collateral injection successively. Typical casts with differing degrees of injection are illustrated in figures 2 • and 3. Each observer repeated the grading procedure independently one or more weeks later. The statistical significance of the scoring by rank was then determined by the use of White's 8 adaptation of the Wilcoxon 7 significance test.* The critical •Professor Colin White suggested this method and supervised its application.
FIGURE 3
Cast made in the same way as that of figure 2 , but showing more extensive bronchial collateral vessels. Animals treated with growth hormone tended to have this degree of filling of the vessels. point of significance accepted for the rank sums was 5%. Correlations between the first and second readings of each observer and between the rankings of the three observers were derived by application of Spearman's 7 rank correlation technique.
After the visual scoring was completed the casts of the bronchial arteries were removed from the supporting bronchial casts and weighed. Each arterial cast was sectioned where it first touched the cast of the left bronchus and only the distal portion was weighed. The t test was used for statistical analysis of significance of differences in weights of casts in the various subgroups. The correlations between the readings of each observer and the rankings of the casts by weight were also determined by means of Spearman's technique.
Results
Operative mortality was 7% for all the subgroups except for the eight-week control group, which was the first to undergo thoracotomy, and in which four of 12 animals died postoperatively as a result of technical CircmUtKm Rutrcb.
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errors. In the other subgroups ten animals survived ligation. One or two rats from each subgroup were subsequently excluded from the experiment either because of evidence of pneumonia or because technical difficulties interfered with the production of a cast. Weights are recorded in table 1 and for the eight-week groups in figure 1. It was observed in the cortisone treated animals that the incision site required several weeks longer to heal than in the others. This was to be expected from previous observations. 3 -8 -n As determined by visual examination of the bronchial artery casts, the cortisone treated animals sacrificed at four weeks (table 2) were found to have a significantly smaller collateral circulation than the controls (P < 0.05). At eight weeks, animals maintained on growth hormone had developed a significantly larger collateral circulation than the eight-week controls. Animals in the four-week growth hormone group showed somewhat greater bronchial arterial injection than the controls but the difference did not meet the test of significance. The eight-week cortisone animals showed a lesser degree of bronchial arterial expansion than their controls. This comparison approached, but did not reach a P level of 0.05. It was found that the results of all three observers correlated over 98% in two consecutive observations (table 3) and that the independent results of the three observers correlated over 96% with each other (table 4 ). These comparisons support the validity of the method. The weighing technique demonstrated significant differences between the development of collateral vessels by the four-week cortisone and the four-week control group as well as between the eight-week cortisone and the eight-week control group (table 5) indicating inhibition by the steroid. Animals treated with growth hormone for eight weeks had a larger collateral development than controls, but the difference fell just short of significance at the 5% level of confidence. The correlation between the results of the visual ranking method and the weighing method was 90 to 95% as established by the Spearman technique.
Discussion
In earlier experiments in this laboratory, 3 rats given cortisone at an average dose of 35 mg/week developed smaller collateral vessels than did control rats in the lower ex- tremities during 15 weeks after interruption of the common iliac artery. Interpretation was difficult, however, because the cortisone treated rats weighed less than the controls at the end of the experiment; it might be expected that smaller animals would have smaller vessels than larger animals. In the present experiments, however, the body weights of the animals in the several groups were approximately the same at the end of the experiment. Although body weights were different at the beginning of the experiment, in that animals subsequently treated with cortisone were larger than the controls, yet at the end of the experiment body weights were similar and the former animals had less development of collateral vessels. Growth hormone proved to have a stimulating effect after eight weeks. A refractory state to cortisone, such as has been shown in relation to inhibition of hair follicles, 12 did not appear. Dietary restrictions imposed on the animals in the control and growth hormone groups did not prevent them from developing a more extensive collateral circulation than cortisone treated animals. These observations suggest that cortisone and growth hormone do not exert their action on collateral circulation entirely by affecting body weight. It is not possible, however, to state whether this effect is exerted directly upon the vessels or through some indirect mechanism.
Previous observations in this laboratory on rats indicate that collaterals of the type studied in the present experiments include both preexisting and newly formed vessels. 13 By the methods used here it is not possible to establish, however, whether the observed hormonal effects are exerted primarily on one or the other of these two types of vessels, or on both. Since cortisone has been found to inhibit formation of capillary beds in granulation tissue 9 " 11 ' 14~17 it may be presumed that at least a part of the effect on the collateral system is exerted on new formation, which is essentially a process of endothelial budding. It is noteworthy that at certain stages of development of chick embryos Sayeed and co-workers 18 found cortisone inhibited, and growth hormone increased, mitotic numbers in mesodermal tissues.
Although the dosages of hormones used in the course of the study were far beyond the "physiological range," the principle of the existence of chemical influences on collateral development appears to be established nevertheless. Further evidence is thus provided that there can be chemical as well as mechanical control of this process. The demonstrated neural effects on collateral circulation 19 -20 may be mediated by either mechanical or chemical means.
Summary
The possible regulatory effects of growth hormone and of cortisone on the development of pulmonary collateral vessels after ligation of one pulmonary artery were investigated in the rat. The weights of the animals were regulated so that they did not differ significantly in the control and experimental groups at the end of the experiment. The extent of the collateral circulation was judged by visual inspection and by weighing the casts. Animals injected with cortisone acetate intra-Circuhtion Research, Vol. XVU1, Pebruary 1966 muscularly in doses of 5 mg daily for two weeks and then maintained on an average dose of 15 mg weekly, had less development of collateral circulation at four and eight weeks than did controls. Animals injected with growth hormone in doses of 0.1 mg daily, had significantly larger collaterals than did controls at eight but not at four weeks, as determined by the visual ranking method. These results indicate 1) that there can be chemical control of collateral circulation, and 2) that cortisone and growth hormone can influence the development of collateral vessels in part by mechanisms other than an effect on body weight.
